ABSTRACT ALLEN, EMMA G. (Downstate Medical Center, Brooklyn, N.Y.). Use of tetrazolium salts for electron transport studies in meningopneumonitis. I. Reduced nicotinamide adenine dinucleotide system. J. Bacteriol. 90:1505Bacteriol. 90: -1512Bacteriol. 90: . 1965.-Purified preparations of meningopneumonitis virus (MP) prepared from allantoic fluids of infected chick embryo reduce several tetrazolium salts in the presence of reduced nicotinamide adenine dinucleotide under both aerobic and anaerobic conditions. The pattern of reduction by MP differs from that seen in normal allantoic membrane homogenates, and is inhibited bv several cations but not by KCN, atabrine, amytal, antimycin A, or 2,3-dimercaptopropanol (BAL). The reduction of cytochrome c by purified preparations of MP differs from its reduction of tetrazolium salts in that the cytochrome reaction is completely inhibited by BAL and partially inhibited by amytal, atabrine, and antimycin A. The cytochrome reductase of normal allantoic membrane preparations is completely inhibited by each of these compounds.
Previous studies have indicated that meningopneumonitis (MP) has associated with it a reduced nicotinamide adenine dinucleotide (NADH2)-cytochrome c reductase activity (Allen and Bovarnick, 1957) ; however, it is by no means certain that cytochrome c is the usual oxidant, and it was thought that, perhaps, further information concerning electron transport in MP might be obtained by use of tetrazolium salts.
A number of years ago these salts were used as an indicator in determining the ability of seeds to germinate; if the seeds were viable they became colored in the presence of the salts (Cottrell, 1947) . It was later found that the color resulted from a reduction of the salts and that heated tissue lost its ability to bring about this reduction. Since that time, the reducing ability has been related to the enzymatic activity of the tissue.
With increased use of the salts it has become evident that they have widely different oxidationreduction (O-R) potentials; when measured potentiometrically, these compounds are found to have values approaching those of biological systems (Karmarkar, Pearse, and Seligman, 1960;  Rutenburg, Gafstein, and Seligman, 1950) .
These facts suggest that the tetrazoles may be useful tools in the study of electron transfer at different energy levels in any viral system, and thus present suitable working conditions for measuring activities of rather small amounts of virus activity at a variety of energy levels in the presence of an excess of both electron donor and acceptor.
The ever-present problem of removing host enzyme activities without losing large amounts of MP particles or removing essential components of MP itself is of course recognized. The MP preparations examined were purified by use of centrifugation combined with treatment in which trypsin and cobra venom were used. Such treatment has already been reported to remove enzyme activity from tissue homogenates, and also to remove cytochrome c reductase from normal allantoic membrane homogenates, leaving appreciable amounts of such activity associated with MP preparations (Allen and Bovarnick, 1957) . It is difficult to select proper control materials, but it is felt that normal allantoic membrane homogenates are better controls than allantoic fluid, because fluid has very little activity (which is mostly soluble) and, also, the organism has undergone replication and release from the membrane; therefore, it seems that preparations of membrane particles are more stringent controls.
The present study is concerned with the transport of electrons by MP from NADH2 to tetra-J. BACTEI'IOL. zolium salts. Comparisons of NIP suspensions wvith similarly treated normal allantoic membrane suspensions show differences in behavior and, thus, strongly suggest that the observations of MP particles truly reflect activity of this infectious agent. The widely different reaction rates, the difference in behavior in the absence of oxygen, and the different effects produced by metals indicate that there is probably more than one enzyme system involved in these transfers.
In addition, this report suggests that the pathway of cytochrome c reduction in this organism is different from any one observed in tetrazolium reduction, and that cytochrome reduction by MP differs from that of normal allantoic membrane preparations. In contrast to tetrazolium reduction by this agent, the cytochrome reductase is sensitive to several inhibitors of electron transport reactions. The degree of inhibition varies from one MP preparation to another, and also with the cytochrome used; the general picture, however, is the same.
MATERIALS AND METHODS Solutions and chemicals. Water used in all these experiments was deionized and then glass-distilled; all solutions, except tetrazoliums and NADH2, were sterilized before use. Sucrose solution (PGS) contained 0.22 M sucrose, 0.15 M phosphate, and 0.005 M potassium glutamate, pH 7.1. Trypsin (Worthington Biochemical Corp., Freehold, N.J.) was used in a final concentration of 0.5 mg/ml in the presence of 0.006 M MgCl2 and 0.0002 M CaC12. Cobra venom was obtained from Hynson, Westeott and Dunning, Baltimore, Md., and was used in a final concentration of 1 mg/ml. NADH2 was made up at 5.4 mg/ml in tris (hydroxymethyl)-aminomethane (Tris) buffer (pH 7.62) and stored at -15 C. Cytochrome c IV (Sigma Chemical Co., St. Louis, Mo.) and a lyophilized salt-free preparation (Mann Research Laboratories, New York, N.Y.) were used in a final concentration of 0.7 mg/ml. Flavine adenine dinucleotide (FAD), antimycin A, and 2,3-dimereaptopropanol (BAL) were purchased from Mann Research Laboratories. Solutions of FAD and antimycin A were stored frozen. Sodium amytal (Eli Lilly & Co., Indianapolis, Ind.) was made up fresh each time it was used. All other chemicals were reagent-grade commercial preparations.
MP. The Cal 10 strain of MP passaged in the allantoic cavity of a fertile hen's egg was used. Seed stocks were frozen and stored at -65 C. Infected allantoic fluids were centrifuged at 750 X g to remove cell debris and then at 12,000 X g to sediment the infectious particles. The particles were resuspended in PGS, and the cycles of low-and high-speed centrifugation were repeated. The final pellet was resuspended in one-tenth the original volume with PGS; this has been designated as crude MP preparationi.
Purified MP was carried through the same iniitial cycles of ceiitrifugation as the crude MP and then further treated with enzymes by a procedure already published (Allen and Bovarnick, 1957) . Pancreatin was not used in these experiments. MP was kept in an ice bath at all times unless indicated otherwise. Final suspension was one-tenth the original volume.
Infectivity titrations were carried out as previously described (Allen et al., 1953) .
Membrane preparations. Normal allantoic membranes from the same group of eggs as those used for MP production were harvested on the same day that infected fluids were harvested. Membranes were washed three times with saline, weighed, and ground in a mortar with alundum. The suspensions were made 25% by volume by use of 0.85% NaCl.
Membrane homogenates were used immediately, for it has been observed that, unlike MP preparations, these lose enzymatic activity rapidly (Allen, unpublished data) .
The crude membrane preparations were produced by one cycle of centrifugation at low (750 X g) and high (12,000 X g) speed. The particles were suspended in PGS.
The [2,2'-di-pnitrophenyl-5,5'-diphenyl -3,3' -(3,3' - 
One ditetrazolium salt without substitutions was used [2, 2'-5, 5'-tetraphenyl-3 ,3'-(p-biphenylene) ditetrazolium chloride (NT) J.
It has been suggested (Nachlas, Margolis, and Seligman, 1960 ) that the nitro groups increase the O-R potential and make the salt a more active acceptor of electrons from dehydrogenase systems; suggestion has also been made that methoxyl groups increase the possibility of steric hindrance in reactivity with dehydrogenase systems. The E-1/2 at pH 7.0 and 22 C for the following tetrazoles has been reported by Karmarker et al. (1960) : NBT, -50 mv; INT, -90 mv; NT, -170 mv; TPT, -460 mv.
The tetrazoles chosen for this report vary rather widely in their complexity of structure To determine whether permeability or solubility of any components of the system might play a role in the observations of the rate of formazan formation, Triton-X was added to the reaction mixture. This nonionic detergent did render the MP particles soluble; however, Triton-X either had no effect on the rate of reduction of the salt by MP or it increased the rate of reduction slightly. The small differences noted did not indicate the necessity of adding it to all reaction mixtures.
The formazans of the tetrazolium salts used were scanned between 500 and 600 mp. It was found that each had a slightly different peak of maximal adsorption; the wavelength of maximal adsorption of each was used when carrying out a rate study. The peaks observed were as follows: MTT, 560 muM; INT, 485 m,u; NBT, 520 m,u; NeoT, 490 mMu; TPT, 540 mu. These peaks differ somewhat from those reported by others (Lester and Smith, 1961 ), but apparently they may varv depending upon the conditions of reduction.
The cytochrome c reductase activity was measured as the change in absorbance at 550 m,u by use of the Beckman DU spectrophotometer. The reaction was started with NADH2, and the change in optical density was recorded at frequent time intervals. The unit of activity chosen was that amount of MP or membrane preparation necessary to produce a change of 0.1 optical density units per min.
To test the effects of various substances oII the reaction rates, these were added, in concentrations indicated, to the reaction mixtures in the cuvette.
Anaerobic determinations. Anaerobic determinations were carried out in Thunberg-type cuvettes containing all of the components of the reaction mixture except NADH2, which was placed in the side arm. The tubes were evacuated 3 to 5 min after the last gas bubble escaped.
RESULTS
Effect of pH on tetrazole reduction by MP. The rate of reduction of the several tetrazolium salts by MP preparations was followed at different pH levels. Table 1 shows that, with 0.067 M phosphate buffer, there was an increase in rate corresponding to an increase in pH between 5.9 and 7.1; at pH 7.4 the rate decreased, followed again by an increase between 7.9 and 8.5. The same general pattern of increase in rate of reduction with increase in pH was observed with the use of Tris buffer; however, the rates were somewhat faster in phosphate than in Tris. Therefore, in all the experiments reported here the rates were determined at pH 7.8 to 7.9 by use of 0.067 M phosphate buffer. Effect of treatment on the reductase activity. The problem of differentiating MP and normal enzyme activity has been approached in the same manner as in the MP-cytochrome c reductase studies. In the present studies of tetrazole reduction, after trypsin treatment, MP preparations retained 50 to 927% of their original activity (Table 2) . With further cobra venom treatment, the loss of reductase activity for one tetrazole varied considerably from that of another. This treatment entails not only the use of cobra venom * Complete reaction mixture contained: 0.067 M buffer of pH indicated, 1.0 ml; tetrazolium salt, 0.016 mg/ml; 0.075 M EDTA, 0.1 ml; NADH2 (5.4 mg/ml), 0.2 ml; MP preparation, 0.1 ml; 0.85% NaCl to bring volume to 3.0 ml. Abbreviations: but also an additional 18 hr at refrigerator temperature (8 to 10 C) and an additional centrifugation; it is conceivable that not only is further normal activity being removed, but a loss or inactivation of MP activity itself may occur. Some loss in infectivity on treatment does occur as indicated at the bottom of Table 2 . Trypsin treatment removed greater amounts of activity from normal homogenates than from MP preparations (Table 2) ; the amount of activity remaining in normal preparations varied between3 and 34 % of the original. Further treatment of normal membrane homogenates with cobra venom often resulted in an increase in tetrazolium reductase activity rather than a decrease in such activity; only in the cytochrome c reductase was a loss of activity repeatedly observed.
There are several differences in the pattern of tetrazolium reduction between the normal allantoic membrane homogenates and MP preparations. The relative amounts of activity with the various tetrazoles differ in the two preparations. In crude MP preparations, the MTT and INT activities predominate; in normal membrane preparations, it is the cytochrome c activity which is predominant. The NBT and NT activities in MP are similar and much lower in level than MTT and INT activities; in normal preparations NBT activity appears in about the same quantity as MTT, whereas no NT activity could be observed in homogenates from freshly harvested membranes. In frozen membrane preparations, some NT reductase was occasionally observed. After further treatment with cobra venom, MP preparations showed a further loss of activity, whereas normal preparations usually showed an increase in tetrazole reductase activity. Neither MP nor normal preparations reduced TPT.
Concerning the lack of NT activity of membrane preparations, the presence of an inhibitor in the membrane was suggested by two observations. The slight amount of activity seen in frozen membrane preparations suggests that freezing may break down or inactivate an inhibitor. The addition of Triton-X (which renders the particulates soluble) to this reaction mixture decreased rather than increased the rate of reduction. If the problem were merely one of permeability, it might be expected that Triton-X would increase rather than decrease the rate of reaction.
Regarding the increase in rate of reduction of tetrazoles by membrane preparations after cobra venom treatment, it can only be said that this was not due to the cobra venom per se; the increased rate was rarely seen in MP preparations, and cobra venom did not increase the reaction rate when added directly to the reaction mixture in the cuvette. Therefore, it would appear that 1508 ALLEN J. BACTERIOL.
on October 27, 2017 by guest http://jb.asm.org/ Downloaded from either the enzymes were exposed or an inhibitor was removed by the cobra venom treatment. The removal of more than 90% of the cytochrome reductase of normal membrane and the differences of behavior and pattern of tetrazolium reduction between normal membrane and MP preparations after trypsin and cobra venom treatment suggest that the activities of the MP preparation are essentially those of the agent itself and not normal tissue activity.
Tests for inhibition of tetrazolium reduction. Various investigators have used inhibitors of specific reactions to elucidate transport pathways. This approach was undertaken in the present study in an attempt to determine something of the final organization of electron transport from NADH2 by MP; by noting the effects of the various inhibitors upon formazan formation, inference can be made concerning the site of electron transfer to the several tetrazoles. The effects of various cations on rate of tetrazole reduction were also examined. All of these reactions were carried out aerobically.
None of the inhibitors tested produced any significant inhibition of these reaction rates (Table 3) ; in some cases, -increases in rates were consistently observed. In those instances in which slight inhibition was observed, other concen- Cobalt, zinc, and cuprous ions produced the greatest inhibition of reduction of tetrazoles by MP (Table 4 ). In the above instances, the reduction of INT and NT salts was inhibited to the greatest degree. Some differences within this group were also noticed: ferrous ions were more inhibitory in Tris than phosphate buffer; cuprous and cobalt ions, on the other hand, were generally more inhibitory in phosphate than in Tris buffer. The degree of inhibition exhibited by the other ions in phosphate or Tris did not differ greatly.
It has been observed that, when higher concentrations of ferrous or cobaltous ions are used, MP is capable of reducing tetrazolium salts in the absence of NADH2; this reduction seen in the presence of MP is considerably greater than any reduction of the salts observed in the presence of the metal ions alone. Much more experimentation is necessary to determine the role which these ions play in the metabolism of MP. VOL. 90, 1965 rate of reduction of tetrazolium salts was determined in the absence and presence of air with the same MP preparation. The rate of reduction of MTT and INT (by purified MP preparations) was about the same or slightly faster in the absence of oxygen as in its presence (Table 5 ). The rate of reduction of NT was consistently two to three times faster under anaerobic conditions; the rate of reduction of NBT is also frequently increased in the absence of oxygen. Apparently, there is associated with MP more than one electron pathway which functions in the absence, as well as in the presence, of molecular oxygen, and there is one observed pathway which functions more readily in the absence of oxygen.
The picture of tetrazolium reduction by normal allantoic membrane homogenates in the absence of oxygen differs from that of MP. The rates of membrane preparations were decreased somewhat in the absence of oxygen (Table 5 ). The anaerobic reduction of NBT by normal membrane was not increased as is the case with MP preparations.
For a more complete understanding of electron transport in NIP, further experimental work is necessary to examine its anaerobic paths. However, from these limited experiments, it can be seen that the anaerobic transport in MP is quite different from that of the normal membrane homogenates.
Comparison of cytochrome c and tetrazole reduction. The aerobic reduction of cytochrome c by MP appears to differ chiefly from the reduction of tetrazolium compounds in that the former is sensitive to several inhibitors used. The reaction * Reaction mixture contained: 0.067 M phosphate buffer (pH 7.8), 1.0 ml; tetrazolium salt, 0.16 mg/ml; 0.075 M EDTA, 0.1 ml; KCN, 0.1 ml; NADH2, 0.2 ml; MP or normal membrane, 0.1 ml; 0.85% NaCl to bring the volume to 3.0 ml. The LD50 = 6.50. * Basic reaction mixture contained: 0.067 M phosphate buffer (pH 7.8), 1.0 ml; cytochrome c, 0.7 mg/ml; NADH2, 0.2 ml; MP or normal allantoic membrane homogenate, 0.2 ml; 0.85% NaCl to bring the volume to 3.0 ml. Inhibitor was added in the following amounts: 10-5 M BAL, 0.1 ml; 0.1 M amytal, 0.1 ml; 0.001 M atabrine, 0.3 ml; antimycin A (1 mg/ml), 0.1 ml. In addition, all normal membrane reactions were carried out in the presence of 0.001 M KCN, for there is so much oxidase present that cytochrome reduction does not occur without it.
was completely inhibited by BAL and partially inhibited by atabrine, amytal, and antimycin A (Table 6 ). The degree of inhibition produced by the latter compounds seems to vary from one virus preparation to another. The reason for this is as yet unknown; however, when the several treatments and centrifugations of the MP are considered, it does not seem unlikely that enzymatic activities of one preparation may vary from those of another. It may well be that we do not as yet know how to handle this agent in the proper fashion to retain its full complement of activity.
It is also possible that there is some normal enzyme present in some preparations of MP which may contribute to their greater sensitivity to the inhibitors. The pattern, however, is very different from that of normal allantoic membrane, which consistently shows complete inhibition of reductase activity by these compounds.
In view of the differences in degree of inhibition produced by the compounds for any one MIP preparation tested, it might be suspected that they are acting at different sites in the transport chain; thus, it would appear that there may be several components or "carriers" in this system. Most of these inhibitors have been reported to be active at flavoprotein or quinone sites, or both; the site of inhibition apparently varies somewhat with the enzyme system studied (Estabrook, 1957; Ciba Foundation, 1960) . The reports of Estabrook (1957) and Deul and Thorn (1962) also indicate that the sites sensitive to these several inhibitors may differ in any one transport system. In the case of MP, there is a real difference between the sensitivity of cytochrome reductase to BAL, which always produced 100% inhibition, and its sensitivity to the other compounds tested, which produced inhibition varying from 11 to 70%.
Though the addition of FAD to reaction mixtures in which tetrazoles were the final electron acceptors did not produce any significant effect on the rate of reaction, its addition to mixtures in which cytochrome c is the final acceptor consistently produced an increase in the reaction rate of three to five times (Table 7) . It has not been determined whether this compound has any effect on the sensitivity of MP to the inhibitors tested.
The effect of KCN on aerobic reduction of cytochrome c by MP is similar to its effect on tetrazole reduction by this agent; i.e., the rate was increased rather than inhibited ( Table 7) .
The effect of KCN on anaerobic cytochrome reduction has proven more difficult to analyze. Early observations indicated there was no anaerobic reduction at all in the presence of KCN. However, when cytochrome from another source is used, such a reduction does take place. It has been found by use of two cytochromes with the same MP preparation that the difference in reactivity is a property of the cytochrome rather than the organism.
The electron pathway to cytochrome c in this organism appears to involve one or more intermediate carriers. This was indicated by (i) the complete inhibition of the reaction by BAL, whereas only partial inhibition was produced by amytal, antimycin A, and atabrine, and (ii) by the increase in rate of cytochrome c reduction in the presence of FAD. Such effects of these compounds were not observed in the apparently more direct electron transfer by MP to tetrazolium compounds. 
DIscussIoN
With the use of purified MP in which the reductase activity appears to be essentially that of MP and the pattern of which differs from that of host tissue, it appears that there is more than one pathway associated with electron transfer from NADH2 which may function in the absence, as well as in the presence, of oxygen. These transfers to tetrazolium salts apparently are direct rather than along a chain of any length, for none of the substances tested had any significant inhibitory effect on formazan formation under these conditions.
It is not surprising that antimycin A, amytal, and BAL were not inhibitory, for these compounds have been shown to be active on cytochrome and ubiquinone sites in transfer (Hochster and Quastel, 1963) . No cytochrome bands have been observed in packed MP concentrates by use of a microspectrophotometer, no oxygen uptake has been demonstrable, and coenzyme Q has never had any effect on the rate of tetrazolium reduction by MP. In addition, it seems there is no atabrine-sensitive flavine associated with these systems.
It is interesting that tetrazolium reduction by MP takes place as well under anaerobic conditions as under aerobic conditions. The reduction of cytochrome by MP apparently involves one or more "carriers" and differs in this respect from the tetrazole systems thus far observed. It might be emphasized, however, that this reduction also is not strictly an aerobic system; its rate is not reduced by an anaerobic environment.
One wonders whether the enzyme activity observed takes place at the surface of the cell or intracellularly. Since the trypsin and lecithinase used in the purification have been shown to remove enzyme activity of tissue homogenates, one would suppose that any surface enzymes of MP would also be removed and that only those would remain which lie within the cell and are thus protected during treatment. Question is also sometimes raised concerning the permeability of an organism such as MP to molecules as large as NADH2, cytochrome c, and tetrazolium salts. However, in view of the intracellular nature of the organism, it does not seem surprising that it would be permeable to such large molecules. To acquire data related to this point is somewhat difficult. Attempts along this line are being made to try to pinpoint the sites of enzyme activity of MP by examining thin sections, prepared during formazan formation, with the electron microscope. The reduced salt is electron-dense and, thus, appears as dark areas at the site of reduction. I"OL. 90, 1965 
